INTRODUCTION
Atlantoaxial fixation is an effective treatment modality for instability caused by trauma, rheumatoid arthritis, congenital anomalies, and a myriad of other pathologies. [1, 4, 5, 7, 8, 10, 11, 14, [16] [17] [18] [19] [20] [21] Various modifications to the posterior atlantoaxial fixation technique have been described in the literature, [2, 9, 12, 13, [22] [23] [24] the most prominent being the Goel technique, [6] popularized by Harms. [15] This technique, consisting of C1 lateral mass, and C2 pars/pedicle screw fixation is now commonly utilized. However, there is little available providing step-by-step guidance, including radiographs and photographs that detail the nuances of the technique.
We believe that elucidating the individual steps of the Goel-Harms fusion technique pictorially is valuable to surgeons and trainees alike.
Description of the technique
Step 1 -Midline exposure [ Figure 1a and b]
After confirmation of positioning, and after an intraoperative lateral X-ray is obtained to ensure normal atlantoaxial alignment, a midline incision is made from just below the inion to the mid-cervical area. The midline avascular plane is identified, and a retractor is placed between the splenius capitus muscles. Some of the deep suboccipital muscles are then identified, including the inferior rectus oblique, and the rectus capitus major and minor. In exposing the bony landmarks of C1 and C2, the inferior rectus oblique is often dissected off the C2 spinous process. Special care is taken to preserve the subaxial musculature that is attached to the C2 spinous process.
Step 2 -Identification of bony landmarks [Figure 2]
After muscle dissection, the posterior arch of C1 and the lamina of C2 are visualized. Preoperative imaging should be examined carefully to ensure that congenital anomalies are appreciated (e.g., incomplete C1 arch closure). A venous plexus and the C2 nerve root obscure visualization of the C1 lateral mass at this point. However, the C2/3 joint (which should not be violated unless that joint is to be fused), C2 lamina, pars, and pedicle should be exposed and visualized. A number 1 Penfield or similar instrument can be used to glide along the medial pedicle of C2 without puncturing the thecal sac.
Step 3 -Identifying the C1 lateral mass entry point [Figure 3] The C1 lateral mass is obscured by a rich venous plexus surrounding the C2 nerve root as it exits the canal. Typically, only the medial and central parts of the C1 lateral mass need exposure, as the vertebral artery lies in close proximity to the lateral edge. The venous plexus is managed by bipolar cautery and hemostatic agents. The C2 nerve root is either retracted caudally, or clipped, and cut. The sequelae of preserving or cutting the C2 nerve root during atlantoaxial fixation is beyond the scope of this technical paper. At this point, the C1 lateral mass, and the C1/2 joint are clearly visualized.
Step 4 -Placing the C1 lateral mass screw If the C1 lateral mass is robust in size, an entry point can be made directly. Otherwise, the posterior inferior aspect of the arch just above the C1 lateral mass can carefully be undermined with the use of an electric drill. The sulcus arteriosus, upon which the vertebral artery rests, is just superior to this, and thus, only minimal drilling is possible. The medial aspect of the lateral mass is palpated by an instrument, such as a number 4 Penfield or the tip of the drill, and 3-4 mm lateral to this, an entry point is made. This is typically close to the mid-lateral mass posteriorly. The entry point can be made by an awl or matchstick drill bit.
With either an electric or manual drill, or with only a sharp tap, the lateral mass is cannulated in a rostral -medial trajectory (approximately 20 degrees rostral/medial). This can be done free hand or under fluoroscopic guidance. If performed fluoroscopically, the desired trajectory should lead to the posterior aspect of the anterior C1 arch. Diameters and lengths can be measured from the preoperative computed tomography (CT) scan. A screw is placed to match the cannulated trajectory. It is common to place partially threaded screws at C1 so that only the smooth shaft of the screw abuts the C2 nerve root. Typical screw length for the C1 lateral mass is 26-32 mm (the proximal 10 mm of which is typically nonthreaded).
Step 5 -Identifying the C2 pedicle or pars entry point [Figure 5] Exposing the pertinent C2 bony anatomy landmarks is critical for safe placement of C2 pars or pedicle screws. The pars entry point is typically a few millimeters rostral to the mid C2/3 facet joint. If only a pars screw is placed, less dissection is necessary up to the medial pedicle/lateral canal of C2. The C2 pedicle entry point is just rostral, and lateral to the C2 pars entry point. The C2 pedicle screw will have a more medial trajectory, and thus, the entry point is more lateral than the pars entry point.
Step 6 -Placing the C2 pars/pedicle screw [Figure 6a-c]
After an entry point is made, the pars or pedicle is cannulated with an electric or manual drill, or alternatively, with a sharp tap. The pars screw trajectory is approximately 0-15 degrees medial, but it has a steep rostral angle (~45 degrees). Typical screw length is 14-18 mm, and care is taken not to breach the vertebral foramen. The pedicle screw has a more medial trajectory, and is not aimed as rostral. Simultaneously visualizing the medial pedicle and advancing the screw, allows for safe medial-lateral trajectory. Typical screw length for the C2 pedicles is 20-28 mm. Longer screws can breach ventrally or more often, superiorly into the C1/C2 joint. A close examination of the preoperative CT is necessary to ensure adequate pedicle size, and normal vertebral artery anatomy.
Step 7 -Completing the fixation construct: [Figure 7a-c]
After the C1 and C2 screws are placed, an AP and lateral X-ray are typically taken to ensure all four screws are projecting slightly medial, and that the sagittal trajectories are appropriate. Rods are cut and shaped to match the desired length, and set screws secure the rods to the screw tulips. It is important to appreciate how much reduction is needed (if any), as this affects the offset between C1 and C2 tulips. If good bone purchase is achieved, it is feasible to adequately reduce the atlantoaxial segment as the rods are secured. A crosslink is optional, but is typically not necessary.
Step 8 -Arthrodesis
Achieving arthrodesis is typically a critical goal of atlantoaxial stabilization. After the instrumentation is placed, an electric drill is used to decorticate the posterior C1 arch, the C2 lamina, and the C1/C2 joint space. If a laminectomy was performed, then the lateral aspects of the C1 arch and C2 lamina can still be decorticated. The graft material of choice can be placed over the decorticated surfaces.
Step 9 -Closure A surgical drain is optional, but if used, it is typically placed subfacially. The wound is closed in several layers and includes the deep muscles, the fascia, the superficial subcutaneous layers, and then the skin. The skin can be closed with surgical staples, absorbable subcuticular, or running nonabsorbable suture.
DISCUSSION
C1 lateral mass and C2 pars/pedicle screw and rod fixation is common and effective [3, 23] surgical technique, which has been introduced by Goel [6] and modified by Harms. [15] Despite of its wide acceptance and implementation, however, a stepwise pictorial representation of the procedure has not been described in the literature and in this work we highlighted each step of the technique with photographic and radiographic figures to illustrate the nuances of the procedure.
CONCLUSION
Atlantoaxial fixation is an essential technique in the treatment of various pathologies affecting that segment of the cervical spine. A thorough understanding of the regional anatomy and nuances of the technique is mandatory for safe and effective implementation. This step-by-step, illustrated guide aims to facilitate understanding of one of the most common atlantoaxial fixation strategies, the C1 lateral mass and C2 pars-pedicle screw and rod fixation technique. 
